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INTRODUCTION

: The human performance experimentation research area at BESRL is ]
concerned with behavioral functions common to a variety of Army Jobs.
' Typical of this is the research in the Combat Communications unit
which is concerned with finding ways to inprove the performance of
, the human operator in military ccuwunlcations systems. One of the
more serious problems the operator faces is that of noise which
obscures the message. The noise may be broad band noise or appear ’
in specific bands depending on the source. If the noise appears in
relatively narrow bands these might be eliminated, however, there are
no firm data on vhich we can estimate the effect on the operator's
performance of using such a procedure.yThis study was designed to
gain some preliminary information about the effect. on performance of . 4
excising portions of the speech spectrum. It is recognized that "
sophisticated techniques, such as digital transmission of voice, are
being developed and employed to overcome the effects of noise and to ]
transmit communications in a secure form. There are, however, in-
stances where these techniques are not feasible and it may be useful .
to reduce the amount of spectrum dealt with by excising selected

bands. ( )“
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The frequency domain of speech and its relation to intelligi-

. bility has been the subject of research by many investigators (1,2, 4

| 2 3,4,5,6). These investigators have measured tbe average speech

spectra and studied the effects on speech intelligibility of elimi- RS

. * nating continuous bands from the upper and lower areas of the speech E

: spectrum. Another wvay of treating the frequency domain is to remove
bands simultaneously from several locations in the speech spectrum.

Relatively little has been done to study the iatter possibility. ] 4

Kryter (7) noted that if several narrow bands are severely reje I3 O
the intelligibility of the remaining spectrum is greater t L % e '
predicted by Articulation Index computations. In a follow
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' ' Kryter (8) observed that for constant speech intelligibility the

, total "effective" bandwidth required for the best multiple pass band
system is less than that required for the contiguous pass band sys-
tems by a factor of 2. This phenomena may be explained as a function
of redundancy. Removing some narrow bands reduces redundancy though
not necesserily intelligibility. That redundancy is a characteristic
of the speech spectrun and that some reduction may be made without a
corresponding reduction in intelligibility has been noted before.

M. R. Schroeder (9) briefly reviews the work of Hower Dudley and
notes his contribution to the origin of Vocoders which take advantage
of the redundancy of the specch spectrum.

Apart from Kryter's work which employed a limited amount of
filtering there appears o be no other relevant work in the litera-~
ture. As for research on the effect of noise on a spectrum composed
of discrete bands, there appears to be none at all. The present
study is intended to gain preliminary information about the effect on
intelligibility due to the number and size of segments which are ex-
cised and the effect of noise on the intelligibility of a speech
spectrum composed of discrete bands. Such information would be use-
. ful in assessing the feasibility of eliminating segments of the
! spectrum which may carry particularly higi levels of noise and for
] employing the spectrum space in the interstices for other uses.

PROCEDURE

T accomplish the sampling of the spectrum, a set of 2k electri-
cal band-pass filters were used which permitted passing very narrow
bands and which had very steep roll-off. A roll-off of 27 4B, from
-3 to =30 occurred in the space of 20 cycles at the lower frequencies
and in about 35 cycles at the higher frequencies. The bandwidthst”
of the individual filters at -16 dB varied fram 50 to 115 cycles.

The 24 filters allowed a total bandwidth of 1300 cycles, from 373 Hz
to 1684 Hz to be passed. Each of the 24 bandpass filters could be
switched in and out of the circuit independently of the other filters.
The filter set was inserted in the system following a mixer which
mixed the speech reproduced by an Ampex—’ tape machine with noise
fram a Grason Stadler® noise generator set for “speech” shaping.

L/ The bandwidth was computed for the -16 dB point to approximate the
effective bandwidth of the filter. The -3 dB or -6 dB point often
used in specifying the filter bandwidth does not take into account
the intelligibility contributed by the filter skirt beyond that : *1
point.

2/ yse or mention of trade names is solely in the iaterest of preci-
sion of reporting procedures and does not constitute indorsement
by USA BESRL or the Department of Army. )
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The combined stimulus material was amplified by a McIntosha’amplifier
vhich was used to drive PDR-10% headsets. The system noise was ~35
dB relative to the rms value of the speech (integrated over .3
seconds ).

The stimulus material was presented to 36 test subjects. These
vere Army enlisted males under 30 vears of age, hearing category 1
(a bearing test at the time of the experiment showed tbat all had
excellent hearing) with no language problem and no previous experi-
‘ence in the communication field. The subJjects were located in an
Industrial Acoustics COmpamr—’ series 1200 chamber which maintained
a very low level of ambient noise.

The subjects were given 30 hours of training over a veriod of a
veek (6 hours a day for 5 days) in listening to PB words spoken by
the three speakers. The materials had been subjected to filtering
similar to that used in the experiment.

Following the training the subjects started the experimental
sessions. These consisted of three one-half hour sessions on each
of three days. Each balf-hour experimental session wes followed by
a one~-hour rest period. 8Six experimental conditions were presented
«.ch experimental period. Thus over the nine periods a total of 54
experimental conditions were presented. These were composed of 18
filter conditions and 3 noise conditions used with each filter con-
dition. Figure 1 presents the filter conditions. Noise Condition 1
vas zero noise from the noise generator, Noise Condition 2 was 25 4B
belov the maximum rms speech amplitude (integrated over .3 seconds).
Noise Condition 3 mixed in noise at 15 4B below the maximum rms.
speech amplitude (integrated over .3 seconds).

The speech material consisted of eighteen Harvard PB word lists,
(10) vhich had been recorded by three talkers, six lists by each
talker. Each subject was exposed to all 54 experimental conditions.

The design was such that all subjects, talkers, and word lists
vere assoclated with each experimental condition. The subjects had
been instructed to respond to each stimulus word regardless of how
unsure they were; and except for a very few instances & response was
made to each word. '

RESULTS

The data were reduced to the mean values for each of the 54 ex-
perimental conditions. These data are shown in Table 1. An analysis
of variance was made for the main effects and for interaction of days,

2 gee foctnote on page 2.
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Table 1

COMPARISON OF EXPERIMENTALLY OBTAINED INTELLIGIBILITIES
WITH THOSE COMPUIED BY USE OF THE ARTICULATION INDEX AT
THREE NOISE LEVELS AT GIVEN BANDWIDTHS

Filter Band -
Config. Width Obtain. Comp Obtain. Comp Obtain. Comp

1 131 59 68 51 58 37 30
2 951 9 Ly 43 53 29 18
3 917 58 42 43 33 29 18
b 1028 57 50 L9 38 35 2l
5 1022 55 50 bh 38 30 21
6 903 55 k2 39 33 29 18
7 906 55 k2 b3 33 30 18
8 750 51 35 37 27 26 15
9 817 50 40 Lo 30 29 16
10 139 50 35 37 26 25 U
1 688 46 32 40 25 25 W
12 667 L6 30 4o 2k 26 12
13 5T7 §3 25 26 18 15 1
171 478 38 20 30 15 19 9
15 600 37 27 30 20 20 1
16 815 3 35 18 26 1n b1}
17 49, 29 18 20 15 b 9
18 518 27 22 22 17 14 10

blocks of experimental conditions, period, speaker, filter condi-
tion and noise conditions. A small significant improvement was found
over the three days of testing even though the experimental sessions
had been preceded by & week of training. This, however, did not
affect the results as each of the 54 experimental conditions were
replicated 12 times on each of the three days. As was anticipated,
the filter and noise factors were statistically significant beyond
the .0l level. Blocks of experimental conditions, periods, and
speakers produced non-significant F-ratios and the interactions of
days by filter conditions and days by noise conditions showed a prob-
ability of occurrence of between .10 and .05. The filter by noise
interaction was not significant although, as we note below, there is
a significant change in the relationship between bandwidth and intel-
ligibility as a function of noise level.

The intelligibilities produced by the different filter configu-

rations were also comparei to bandwidth and to expected intelligi-
bility for a contiguous spectrum computed from the AI (Articulation
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Index). (8Bee Table 1.) Each of the filter configurations used were

feirly representative of th- total 1300 cycle band. The filter con-
figurations were designed to have the same average Al per cycle as
the total spectrum. This was done to maintain a linear relationship
between AJ and bandwidth (See Figure 2), and thus avoid confounding
the varistion in intelligibility resulting from the amount of spec-
trum with variations in intelligibility which might be caused by
using spectra concentrated in particular areas of the spectrum. This
vas done even though for the area of the spectrum used in this study
this was not very critical. The loss in articulation for the upper
part of the spectrum, as compared to the lower part, is not great.
Tihis is reflected by the values for configura.tions 16 and 18 as shown
in Figure 2.

Figures 3, 4, and 5 show the intelligibility data for the 18
filter configurations plotted for each noise level. The ordinate
shows percent intelligibility and the abscissa the total bandwidth of
the filter configuration. The data for each noise level wvas fitted
(11) by & parabola of the form Y = A + BX + CX°. Sixteen of the 18
configurations were included in the array fitted. The data points
for configurations 16 and 18 were not included because they were not
distributed samplings of the available spectrum. Configuration 18
included the lower 518 cycles of the spectrum and configuration 16
the upper 815 cycles approximately.

The redundancy in the speech spectrum is seen as the curvature
exhibited by the data in Figures 3, 4 and 5. Figure 3, vhich
presents the data for the lowest noise level, reaches a maximum of
584 for the full spectrum of 1300 cycles but appears to have reached
an asymptote at about 1100 cycles; even at 1000 cycles the fitted
curve does not show much loss. Also, the empirically obteined values
for configurations 2, 3 and 4 for noise condition 1 are not signifi-
cantly lower in intelligibility than that for configuration 1
(t-tests gave probabilities between .70 and .80). Figures L and 5,
vhich present the data for increased levels of noise, show progres-
sively less curvature. The curvature component for noise condition 1
is significant at the .00l level. For noise condition 2, the degree
of curvilinearity is less and reaches significance only at the .05
level and the curvature for noise condition 3 appears slight and does
not reach significance at the .05 level. On the basis of those com~
parisons it appears that there is in fact an interaction between
noise level and filter configuration which was not apparent from the
general interaction test.

If wve compare configurations 16 and 18, which are examples of
massed bandwidths with configurations 9 and 1k, which are camparable
in AI and bandwidth but which are distributed over the spectrum, we

. see that the distributed configurations produce a significantly

higher level of intelligibility. (See Table 2.) This relationship
holds for all three noise levels. Distributed configuration 4 has a
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bandwidth of 1028 cycles, which is substantially less than that of
massed configuration 1, but the two give almost the same level of
intelligibility at each of the three noise levels.

Teble 2

RESULT3 OF t-TEST COMPARISONS OF SELECTED MEANS

Filter Noise lLevel Condition
Configurations 1 2 3
lvs &4 T2 .59 .66
9 vs 16 5.65" 8.40" 6.66"
1 vs 17 k.09* 3.64* 2.47"
1 vs 18 4,28 3.20 2.21°

‘Significa.nt at the .0l level
Significe.nt at the .05 level

Using the Articulation Index computed four each filter configura-
tion and referring to the typical relationship betwecen Articulation
Index and Intelligibility of PB words (Figure 7 in Reference 4) the
expected intelligibility was camputed for these filter configurations
and plotted in Figure 3 (shown as the dashed line). These values
approximate a straight line. Using these camputed intelligibilities
as a reference we see that the experimentally obtained intelligi-
bilities for the configuraticns with undistributed bandwidths, points
16 end 18, approximate what would be expected for this amount of
bandwidth. The configurations with distribuced bandwidths produce
comparatively higher intelligibilities. There seems to be no appar-
ent reason for the discrepancy between obtained and computed intel-
1igibility for configuration 1.

Configurations 16, 17, and 18 which are the poorest (least well
distributed) samplings of the spectrum also yield the lowest intel-
ligibilities. As shown in Figure 1 they leave the largest areas of
the spectrum unsampled. Configurations 16 and 18, as has been notad,
are each composed of a single pass band. Configuration 17 consists
of two pass bands, one at each end of the spectrum, which leaves a
gap of 820 cycles in the center of the spectrum.

CONCLUSIONS
Segments of the speech spectrum may be excised under conditions

of low noise without incurring a proportionate reductica in intel-
ligibility as we might have expected for this spectrum had we used
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high or low pass filtering. Differences in size and number of seg-
ments excised, if the size of the excisions is not large, do not
appear to differentially affect intelligibility. We see in Figures
3, 4, and 5 that configurations with different sized seguents excised
but vith approximately equivalent bandwidths are of approximately
equal intelligibility. Thie is best illustrated by the cluster
formed by configurations 2, 3, 6, end 7 which are composed of d.ffer-
ent numbers of samples and bave had different sized segments excised.
Hovever, if the size of the excision becomes a relatively lerge con-~
tiguous portion of the total spectrum, as is the case with configura-~
tion 17, excising several smaller segments, as wvas .one in configura-
tion 14, results in a significantly higher level of intelligibility
for a given total amount of bandwidth. Thus, it eppears that bands
of about 200 cycles may be excised with no greater loss than would
result from excising an equivalent amount e&s a larger number of
smaller segments. Under some conditions relatively large bands of
the spectrum may be excised without a significant loss in intelligi-
bility.

It seems reasonable to expect that some gain in intelligibility
may be made by excising narrov bands of the spectrum which have a
poor speech-to-noise ratio. The human auditory system can be charac-~
terized as a filter with relatively slow roll off, tbat is, a sound
fram one part of the spectruun can interfere with the perception of a
sound from another part of the spectrum. This spread of masking, as
it is called, can cause relatively narrow dbands of noise from one
part of the spectrum to interfere with the perception of speech which
lies in other parts of the spectrum. Future studies will be con-

‘cerned vith tbhe eifect on the operator's performance caused by re-
‘'moving portions of the spectrum which carry high levels of noise and

consequently give rise to masking of adjacent spectrum areas.
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Figure 1. Representation of the filter configuratiocns.
(Lines indicate pass bands)
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Figure 2. Relationship between Articulation Iniex and total
bandvidth. (The data points are the filter
configurations )

/|27




CASTELNOVO

-]

(o]
el ]
-

™~

Y
AY

3 é "5
o .
(@}
o o :/15/
"
o |
| : 3
iy
= F &7
[+
a )ﬂ { 1417
»l6
[,
&
[ o Legend: |
. 4 i
I&J o Experimentatly obtained
intalligibili ies ‘
% C omputed intalligiLitities
(Articulation Index)
{0) 4 4 ) L 1 " K 3 ) 1
$00 600 7C0 800 300 1000 Hoo 1200 1300
BANDWIDTH

Figure 3. Coumparison of experimentally obtained intelligi-
bilities for noise condition 1 with computed

e,

] intelligibilities b
|
60 r
-
I |
K sof o
o
*
§ pouk A 2 1 - %2 s
o) [
z ot
- e
a 130l 4
[ and -
L] g - 's
- o 18
i 20 2 .
.
‘o J A A A L A A d
500 620 700 800 900 1000 Hoo 1200 1300
BANDWIDTH

Figure 4. Experimentally cbtained intelligibilities for
noise condition 2

/23

)




T T R gt e R Y

|° L L i A i i : i | J

500 6CO 700 800 900 1000 1100 1200 1300
BANDWIDTH

Figure 5. Experimentally obtained intelligibilities for
noise condition 3
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